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Cosmic Ray Experiments & Cosmic Ray Physics 

2

Future:
!
• LHAASO

• HiSCORE

• TIBET ASγ enhancements

Not discussing: Highest Energy Cosmic Rays

(Auger, TA/TALE, Yakutsk, JEM-EUSO)

• The ‘Scientific Case’ for new generation Extensive Air Shower (EAS) 
arrays in the 1012 - 1018 eV energy range

➜ open problems in Galactic Cosmic Ray Physics

• ARGO-YBJ

• HAWC

• TIBET ASγ 
• GRAPES

• KASCADE

• KASCADE-Grande

• Tunka-133

• IceTop

CR Experiments 1012 ➜ 1018 eV:
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Questions to the knee energy range 
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Cosmic Ray sources (‘PeVatrons’) Still open
NO smoking guns from TeV gamma-ray astronomy !

Composition at the knee ? 
Rigidity – dependent knee ? Still open

Results still conflicting in the knee energy region !

Anisotropy ? Totally open
No theory of CRs exists yet to explain observed anisotropy !

Hadronic interaction models ? Still uncertain
cross sections, diffractive, inelasticity, …

End of Galactic spectrum ? 
Transition galactic - xgalactic ? Open

Only hyphotheses
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The ‘Cosmic Ray connection'
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★ Hadronic emission (CR sources): p + p/γ ⇒ n  (π+ + π- + π0 ) + h

ν    Neutrino Astronomy

γ   Gamma-Ray Astronomy

CRs, photons and neutrinos strongly correlated: the ‘cosmic ray connection' 
!

ONLY charged CRs observed at E > 1014 eV so far ! 
Recent observations of PeV neutrinos by Icecube

SSC model: photons radiated by high energy  (1015 eV)  electrons 
boosted by the same electrons 

Gammas (and neutrinos) point back to their sources (SNR, PWN, BS, AGN ..)

★ Leptonic emission (Inverse Compton):    e + γ ⇒ e’ + γ’  
scattering of electrons on low energy photons:  

✓ Cosmic Microwave Background (CMB) 
✓ Infrared, optical photons 
✓ Synchrotron photons
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TeVatrons sky
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Tevatron sky

TeV Cosmic rays

Eγ > 100 GeV

Gammas from Galactic Cosmic rays: Eγ ~ ECR/10

But smoking gun still missing…

leptonic ?

hadronic ?
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Things are not simple…
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Each SNR is individual and has a unique behaviour 
In general one expects a combination of leptonic and hadronic emission 
!
The relative contributions depend on: 
!

• Ratio of the injected electrons and protons  
• Electrons and protons spectra (Power law ? Breaks ? Cutoff ?) 
• Particle confinement, escape time 
• Density of target material for proton interactions  
• Density of low energy seed photons for electron IC 
• Magnetic field strength (synchrotron emission) 
• SN type 
• SNR age and morphology 
• Presence of Molecular Clouds 
• Absorption of gamma rays  
• ......

Multi-wavelenght observations are very important !

TYCHO  SNR

Yuan et al., 2013

Hadronic emission 
π0   decay Leptonic emission 

Electron Inverse 
Compton with a cutoff in 
the electron spectrum

BUT, in this complex scenario, one thing is clear:

!
★A power law spectrum reaching 100 TeV without a cutoff  is a very 

strong indication of the hadronic origin of the emission

Photons of few hundreds of TeV are a clear signature of acceleration of 1015 eV protons
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Data above 30 TeV are very important…
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…to discriminate between Leptonic/Hadronic emission of photons

✦ Leptonic emission:

✦ Hadronic emission: 
!

π0 decay from proton/nuclei interactions with the ambient nuclei

1) Thomson regime        
       
Ee ε  <<  4 me2          (ε = seed photon energy) 
Costant cross section: Thomson cross section) 
Electron spectrum E-α 

➡ Gamma ray spectrum E-β,  β=( α+1)/2

2) Klein-Nishina regime 
!
The cross section decreases  
Photon index   β= α+1 
In case of CMB seed photons, the KN 
regime starts below 100 TeV

Gamma ray spectrum multiplied by E2 

β = -1.6 
β = -3.2 

Electron index α = -2.2 

 There is no suppression at high energy as IC, unless the parent proton spectrum has a cutoff

Inverse Compton is suppressed by the Klein-Nishina effect
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…to discriminate between Leptonic/Hadronic emission of photons

✦ Leptonic emission:

✦ Hadronic emission: 
!

π0 decay from proton/nuclei interactions with the ambient nuclei

1) Thomson regime        
       
Ee ε  <<  4 me2          (ε = seed photon energy) 
Costant cross section: Thomson cross section) 
Electron spectrum E-α 

➡ Gamma ray spectrum E-β,  β=( α+1)/2

2) Klein-Nishina regime 
!
The cross section decreases  
Photon index   β= α+1 
In case of CMB seed photons, the KN 
regime starts below 100 TeV

Gamma ray spectrum multiplied by E2 

β = -1.6 
β = -3.2 

Electron index α = -2.2 

 There is no suppression at high energy as IC, unless the parent proton spectrum has a cutoff

Inverse Compton is suppressed by the Klein-Nishina effect

Gamma ray astronomy above 30 TeV is a  

fundamental tool to discover Pevatrons 
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Gamma-Ray Astronomy above 30 TeV
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Status of the art 
!
~ 150 sources observed above 1 TeV 
!
< 10 sources observed above 30 TeV: 
!
• Crab Nebula 
• VELA -X 
• MGRO J2031+41 
• MGRO J2019+37 
• MGRO J1908+06 
• SNR RX J1713.7-3946 
....

Data above 30 TeV are very scarce

RX J1713.7-3946

the only SNR data above 30 TeV

No photons detected above 100 TeV !

Spatially resolving MGRO J2019+37 with VERITAS 7
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Fig. 6.— Spectral energy distribution of MGRO J2019+37/VER
J2019+368 as measured by di↵erent instruments. VERITAS mea-
sures a spectrum from 1 TeV to almost 30 TeV, shown in red,
which is best fit with a power law with a hard spectral index. The
Milagro flux points at 12, 20 and 35 TeV are shown in black (Abdo
et al. 2007a,b, 2009a) and also in black is their best fit, a power law
with a cuto↵ (Abdo et al. 2012). The shadowed area corresponds
to the 1� band. ARGO-YBJ 90% confidence level upper limits for
MGRO J2019+37 are shown with blue arrows (Bartoli et al. 2012).

of heated ejecta (⇠ 100 km s�1), or highly supersonic if
the pulsar has completely escaped the unseen SNR into
the warm ISM, where the sound velocity is ⇠ 10 km s�1

(see e.g.,Gaensler et al. (2004)).
Alternatively, the o↵set between the radio emission

and the X-ray nebula may largely be due to an asym-
metric reverse shock that pushed the relic radio emitting
PWN away from the pulsar’s current position. In both
scenarios, the PWN needs to be old enough for the re-
verse shock to have passed, making an age younger than
5-10 kyr unlikely.
In a commonly considered relic PWN scenario, where

the X-rays are attributed to synchrotron emission from
pulsar wind and the VHE gamma rays are interpreted as
the CMB photons up-scattered by pulsar wind electrons
via the IC mechanism (see e.g., Aharonian & Atoyan
(1995)), the average magnetic field within the PWN can
be estimated following arguments given in Aliu et al.
(2013) for a PWN in the CTA 1 SNR. These estimates
lead to a somewhat high BPWN ⇠ 20�40 µG, if di↵usion
is neglected for the pulsar wind particles, and to a more
reasonable BPWN ⇠ 5 µG, if di↵usion is the dominant
transport mechanism (see Aliu et al. (2013) for details).
The multiwavelength properties of VER J2016+371 are
in line with those of other VHE PWNe (Kargaltsev et al.
2013); therefore, VER J2016+371 is another example of
a PWN which is seen in both X-rays and VHE gamma
rays.

4.2. VER J2019+368, the main contributor of MGRO
J2019+37

VER J2019+368 is an extended source that is about
four times brighter than VER J2016+371 at 1 TeV. The
centroid of the VER J2019+368 emission is separated
from VER J2016+371 by ⇠ 0�.8, and coincides well with
the center region of MGRO J2019+37, as shown in Fig. 1.

The extension of VER J2019+368 is ⇠ 0�.35 along the
major axis, which is 50% smaller than the extension of
0�.7 for MGRO J2019+37, as reported by Abdo et al.
(2012). Fig. 6 shows the spectral energy distribution
(SED) of the MGRO J2019+37 region measured by dif-
ferent VHE gamma-ray instruments. Abdo et al. (2012)
estimated the spectral index of MGRO J2019+37 to be
2.78 ± 0.1 for a PL hypothesis and 2.0+0.5

�0.1 for a PL with
cut-o↵ hypothesis. Their F-test favored the PL + cut-
o↵ model, for which the spectral index is in agreement
with that measured by VERITAS for VER J2019+368,
1.75 ± 0.38. The spectrum of VER J2019+368 can be
explained by a PL model up to ⇠ 30 TeV. Even though
the flux from CTB 87 is not included for VERITAS mea-
surements (unlike Milagro’s measurements including the
emissions from a larger region including CTB 87), the
spectra are consistent. As seen in Fig. 6, the flux of
VER J2019+368 is consistent with fluxes estimated by
Milagro at 12, 20 and 35 TeV and is also in agreement
with the upper limit estimated by ARGO-YBJ. Based
on the consistent flux levels and coincident location of
the centroids between the two measurements, we expect
VER J2019+368 to be the main contributor to the VHE
emission from MGRO J2019+37.
Several surveys in radio, infrared, and X-ray wave-

lengths have studied the inner and brighter region of
MGRO J2019+37 in an attempt to identify poten-
tial counterparts to the VHE emission. Since VER
J2019+368 likely shares the counterparts of the inner
MGRO J2019+37 and provides better localization, we
are now able to reevaluate the possible sources and mech-
anisms generating the VHE emission. The potential
counterparts suggested from the surveys can be found
in Fig 7, marked over the radio continuum images of the
region. These radio images are from the Dominion Radio
Astrophysical Observatory (DRAO) within the Canadian
Galactic Plane Survey (CGPS) project at 408 MHz (Tay-
lor et al. 2003) and the Green Bank Telescope at 4.85
GHz (GB6). The VHE emission appears to follow a ridge
of di↵use emission starting at the bright bubble Hii re-
gion Sh 2-104 at the west end and roughly ending near
the energetic gamma-ray pulsar PSR J2021+3651.

4.2.1. WR 141

This Wolf-Rayet - O star colliding wind binary system
is in the Cygnus arm at a distance of ⇠ 1.3 kpc (Van der
Hucht 2001). The estimated terminal wind velocity and
mass loss rates from the system suggest it is dumping en-
ergy into its surroundings at a rate of ⇠ 2⇥ 1037erg s�1.
While high-energy gamma-ray emission is theoretically
expected to arise from such a system, Reimer et al.
(2006) predicts a suppression of the highest energetic
photons in the VHE band in the Klein-Nishina regime.
In addition, there is nothing particularly remarkable
about the X-ray, radio and optical studies of WR 141
compared to similar systems that are not associated
with bright VHE emission (Zhekov 2012; Montes et al.
2009; Marchenko et al. 1998), which makes this object a
less likely counterpart for producing the observed VHE
gamma rays.

4.2.2. PSR J2021+3651 and its PWN

MGRO J2019+37

10 martin.tluczykont@physik.uni-hamburg.de

The Pevatron energy range

?
“Terra Incognita”
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PeVatrons sky

9
9 martin.tluczykont@physik.uni-hamburg.de

Pevatron sky

?

Where are the cosmic ray pevatrons ?

TeV Cosmic rays

Eγ > 100 TeV

Where are the Cosmic Ray PeVatrons ?

Gammas from Galactic Cosmic rays: Eγ ~ ECR/10

PeV
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Pevatron sky

?

Where are the cosmic ray pevatrons ?

TeV Cosmic rays

Eγ > 100 TeV

Where are the Cosmic Ray PeVatrons ?

Gammas from Galactic Cosmic rays: Eγ ~ ECR/10

PeV

Extend energy range !         
→ very large area	



→ wide-angle γ-ray detectors	


➜ EAS arrays
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Cosmic Ray diffusive propagation and anisotropy
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Sun

Cosmic ray anisotropy studies with IceCube, IceTop, and AMANDA - CR anisotropy workshop (Madison, WI)M. Santander 

Cosmic ray propagation and anisotropy
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Streshnikova et al. 
arxiv/1301.2028

Distribution of nearby SNRs in the galaxy

GC

Consequences for anisotropy
• CR density gradients are visible as 

anisotropy.

• Anisotropy amplitude ≤ 10-2.

• Amplitude increases with energy.

• Dipole shape.

• Phase should point towards the most 
significant source.

Small-amplitude anisotropy studies require large data sets (> 108 events) 

Galactic cosmic rays
• Accelerated in SNRs

• Propagate diffusively

Distribution of nearby SNRs in the Galaxy

Sveshnikova et al. 
APP 50 (2013) 33

Galactic Cosmic Rays

• Accelerated in SNRs


• Propagate diffusively

Consequences for anisotropy

• CR density gradients are visible as anisotropy


• Anisotropy amplitude ≲ 10-2


• Amplitude increases with energy


• Dipole shape


• Phase pointing towards the most significant sources 

Measuring the anisotropy of CRs provides important information on 
the propagation mechanisms and the identification of their sources.

Generally speaking, the dipole component of the anisotropy is believed to be a tracer of the CR 
source distribution, with the largest contribution from the nearest ones.
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The ‘CR anisotropy problem'
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The ‘anisotropy problem’ is the most serious challenge to the standard 
model of the origin of galactic CRs from diffusive shock acceleration. Hillas 2005

One requires a residence time in the galaxy ∝E−0.6 to turn a source spectrum E−2.1 into the observed spectrum E−2.7. 


Such a large fall in trapping time at high energies implies a rapid outflow of particles from the galaxy at very high 
energies, of which there is no sign. 


• Models with smaller δ, in better agreement with anisotropy data, require too steep source spectra to reproduce 
the observed spectra.


• Models with δ ≳ 0.5, preferred on the basis of CR spectral data, face major problems with the observed Large 
Scale CR Anisotropy.

JCAP01(2012)011

Figure 3. Anisotropy amplitude for ten random realizations of sources in the cylindrical model,
assuming δ = 0.6 and a SN rate R = 1/30 yr−1. The halo size is H = 4 kpc. The injection spectrum
is assumed to have slope (below the cutoff) such that γ + δ = 2.67.

energies. Unfortunately at the present time the error bars on this quantity are still large
enough to allow for ambiguity in the best fit value (see for instance [28]).

Since the anisotropy δA is defined as the ratio between the density gradient and the
density, γ does not appear in δA while δ does (see also expressions 3.11 and 3.13 for the
simplified case of a uniform distribution of the sources). In figure 3 we plot the amplitude
of the anisotropy computed for ten different realizations of the source distribution in the
cylindrical model: a slope of the diffusion coefficient δ = 0.6 is assumed, while the other
parameters are all the same as for the plot in the right panel of figure 2.

As well as in the case δ = 1/3, also for δ = 0.6 the amplitude of the anisotropy is a
complex function of energy as a result of the cosmic rays contributed by nearby recent SNRs.
However, for δ = 0.6 the amplitude of the anisotropy appears to be systematically larger
than the observed one at all energies. In other words, fast diffusion leads to exceedingly
large anisotropy which seriously challenges the models that require large values of δ (see for
instance the discussion in ref. [27] for the cases in which a convective wind is included). It
is worth noticing that at very high energies the amplitude may exceed unity. These cases
clearly suggest that the diffusive paradigm may break down for very nearby sources of CRs,
as already discussed in Paper I.

We think that the results just showed provide clear evidence in favor of a diffusion
coefficient with a weak dependence on energy. This finding is of crucial importance in several
respects. The fact that the data suggest a value δ = 1/3 is comforting in some respects and
puzzling in some others, in relation to our understanding of CR acceleration and propagation.
On the one hand, δ = 1/3 gives the exact energy dependence of D(E) that Kolmogorov-type
turbulence would provide, so propagation follows a framework that was not unpredicted
from the theoretical point of view. On the other hand, however, as we already mentioned

– 12 –

• CRs scatter in the turbulent Galactic magnetic field (GMF) 
and their propagation is believed to be diffusive. 

• In this framework the only deviation from an isotropic CR arrival 
direction distribution is in the form of a dipole anisotropy. 

Models considering the isotropic diffusive propagation of CRs in the Galaxy generally predict 
a much higher large-scale anisotropy in the multi-TeV energy band than observed (≲ 0.1%).

Strong et al. 2007	


Erlykin & Wolfendale 2006 	


Blasi & Amato 2012	


Pohl & Eichler 2013	


Zirakashvili & Ptuskin 2012	


Giacinti & Sigl 2012 
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Medium Scale Anisotropy
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On the observation of the Cosmic Ray Anisotropy below 1015 eV 29

Figure 14: 2D anisotropy maps of galactic CRs observed and reproduced at the
modal energy of 7 TeV by the Tibet-ASγ experiment [92]. (a): the observed CR
intensity; (b): the best-fit large scale component; (c): the significance map of the
residual anisotropy after subtracting the large scale component; (d): the best-fit
medium scale component; (e): the best-fit large+medium scale components; (f):
the significance map of the residual anisotropy after subtracting the large and the
medium scale component. The solid black curves represent the galactic plane. The
dashed black curves represent the Hydrogen Deflection Plane reported by [93] and
[94]. The helio-tail direction (α, δ) = (75.9◦ , 17.4◦) is indicated by the black filled
circle. The open cross and the inverted star with the attached characters “F” and
“H” represent the orientation of the local interstellar magnetic field by [95] and [96],
respectively. The open triangle with “B” indicates the orientation of the best-fit
bi-directional cosmic-ray flow obtained in the reference [92].

Tibet ASγ 2007

Past%Observa5ons%

2%Jul%2013% ICRC%2013%@%Rio%de%Janeiro% 5%

Cygnus% Region%B%

Region%A%

A.%Abdo%et%al.,%ApJ%698:2121,%2009%

A.%Abdo%et%al.,%PRL%101:221101,%2008%

Milagro 2008

Galactic plane 

CRAB 

Cygnus Region 

Galactic center 

ARGO-YBJ

Cosmic ray anisotropy studies with IceCube, IceTop, and AMANDA - CR anisotropy workshop (Madison, WI)M. Santander 

IceCube - Small-scale anisotropy 
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• Statistically significant structure with typical sizes of 10°-20°

20° scale 12° scale

Abbasi et al., ApJ, 740, 16, 2011 arxiv/1105.2326 IceCube

HAWC 

CR anisotropy is not a dipole
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Why the dipole ?
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Models based on the diffusion approximation foresee a dipole, i.e. the sentence 
would be true if “large-scale” meant “one single excess as wide as 180°”

Very common sentence in theoretical papers in the last 10 years: 

!
“The large scale anisotropy can be explained within the diffusive approximation.”

What do authors mean with “large-scale”? 

★ First (and easiest) component to detect experimentally (but underground experiments did better already 
decades ago).


!
★ Theoretically, it is the easiest component to (try to) relate to Physics.

!

• Even considering the space as an isotropic medium of propagation, one source emitting CRs 
would generate a dipolar anisotropy.


• When there are several sources the corresponding dipole anisotropies compose in a result dipole. 
Therefore, if the CR propagation is isotropic, we expect a dipole anisotropy pointing towards the 
average position of CR sources.


• Whichever motion of the laboratory reference frame with respect to an isotropic CR plasma would 
result in a dipole.


• In general, composing dipoles result in a dipole.

Why the dipole ? 

Strong et al. 2007	


Erlykin & Wolfendale 2006 	


Blasi & Amato 2012	


Pohl & Eichler 2013	


Zirakashvili & Ptuskin 2012	


Giacinti & Sigl 2012 
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Probing sources & propagation of CRs ?

14

‣ propagation effect from turbulent realization of interstellar magnetic field 
within scattering mean free path

Giacinti & Sigl, 2012
10 PeV 50 PeV

“For distances from the source less than the diffusion length, the propagation in the local turbulent 
magnetic field still has memory: the particle trajectories are locally determined by their initial directions, 

and a very small change of the initial angle would not lead to very significantly different trajectories.”

The medium and small scale anisotropies necessarily 
appear on the sky, provided that there exists a large 
scale anisotropy.


The small scale anisotropies are due to the structure of 
the local turbulent GMF, typically within the scattering 
length from Earth.

Cosmic ray anisotropy studies with IceCube, IceTop, and AMANDA - CR anisotropy workshop (Madison, WI)M. Santander 

Origin of small-scale anisotropy
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arxiv/1111.2536

Giacinti & Sigl• Different energies probe different distances
• Connection between anisotropy and GMF turbulence

Propagation effects
CR propagation Small-scale structureTurbulent GMF

Heliospheric effects
arxiv/1111.3075

Desiati & Lazarian

Ripples in heliospheric 
boundary

CRs streaming along LIMF

• CR scattering on ripples in the heliosphere 
boundary induce small-scale anisotropy.

• Time dependence?

positions of the small scale features are strongly realization
dependent. In the left panel of Fig. 1 there is a ‘‘hot spot’’
with twisted shape and amplitude ’ 6% in the lower left
quadrant and a ‘‘dip’’ ( ’ !6%) in the upper right quad-
rant. As predicted, the amplitude is comparable to that of
the dipole. At five times larger rigidity the features are
strongly different, as seen in the right panel of Fig. 1. For
instance, the dip at 10 PeV in the upper right quadrant is
transformed into a hot spot. The energy dependence of
features may also account for the different spectrum [4]
seen in the Milagro hot spot. The amplitudes of fluctua-
tions at 50 PeVare larger than at 10 PeV here, because we
kept the same gradient.

Figure 2 shows how the predicted anisotropies in Fig. 1
depend on the maximal backtracking distance R. At
10 PeV and 50 PeV, convergence of the sky maps is
essentially achieved for R * 25 pc and R * 50 pc, re-
spectively. These length scales roughly correspond to
the values of !ðpÞ in the vicinity of Earth in the given
magnetic field realization. Averaged over many realiza-
tions, for " ¼ 1=3, their ratio, as well as the ratio of
corresponding anisotropy amplitudes in Fig. 1, should
equal 51=3 according to Eqs. (3), (4), and (8), respectively.
The small deviation from this average of the ratios simu-
lated in the given realization is thus due to ‘‘cosmic
variance.’’ Figure 2 shows that the small scale fluctuations
arise from the local field within %!ðpÞ, as predicted
above.

Figure 3 (first panel) presents CR flux anisotropies in a
30& ' 30& sky patch, after smoothing on 5& radii circles.
The three other panels show the trajectories of four CRs
arriving at the red crosses in the first panel (two chosen in
an excess region and two in a deficit region). The third
and fourth panels show that, at distances R & !ðpÞ from
Earth, the two trajectories arriving in the hot spot tend to
come from the direction of the CR density gradient
(Y > 8:5 kpc) while the other two come from the opposite
direction, consistent with Eq. (5). On larger scales (second
panel), the initial directions are more uniformly distrib-
uted, again consistent with Eq. (5): the small scales reflect
the last part of the particle trajectories (& !ðpÞ=c0), before
they are detected by the pointlike observer.

We verified that small scale anisotropies also appear for
anisotropic CR scattering, by performing simulations with
an additional large scale field.
Conclusions.—We have shown that the observed inter-

mediate and small scale anisotropies in the Galactic CR
arrival directions can be naturally explained as the conse-
quence of CR propagation in a turbulent magnetic field.
The observed anisotropies could thus be one of the first
direct manifestations of the turbulent Galactic magnetic
field within the scattering lengths of TeV–PeV CRs, and
thus within a few tens of parsecs from Earth. Formally, this
effect could have similarities with the ‘‘CR scintillations’’
in the inner heliosphere [29]. In the future, this should
allow new insights into the CR transport in our Galaxy
and contribute to our knowledge of the structure of local—
and notably interstellar—magnetic fields.
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Origin of small-scale anisotropy

11

arxiv/1111.2536

Giacinti & Sigl• Different energies probe different distances
• Connection between anisotropy and GMF turbulence

Propagation effects
CR propagation Small-scale structureTurbulent GMF

Heliospheric effects
arxiv/1111.3075

Desiati & Lazarian

Ripples in heliospheric 
boundary

CRs streaming along LIMF

• CR scattering on ripples in the heliosphere 
boundary induce small-scale anisotropy.

• Time dependence?

Turbolent GMF CR propagation small scale anisotropy
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Probing sources & propagation of CRs ?

15

Ahlers, 2014

anomalous anisotropy structure spontaneously generated 
from a global dipole anisotropy as a consequence of Liouville 
Theorem in the presence of a local turbulent magnetic field

‣ propagation effect from turbulent realization of interstellar magnetic field 
within scattering mean free path

νT is the time in units of “relaxation time” (ν is the relaxation rate).

The higher the multipole, the closer its value to asymptotic values.

CRs virtually lose memory of times longer ago than T, and 
their propagation is uncorrelated with initial conditions.

CR diffusive propagation  ➡  Dipolar flux (≈ large scale anisotropy)


CR diffusive propagation in local turbolent GMF  ➡  small anisotropies

L = 2, 3, 4 ???

Large non turbolent contributions at low multipoles ?!

New generation EAS-array to open the way to multi-scale sky survey, allowing to relate the 
angular power spectrum to the frequency spectrum of galactic magnetic fields. 

good correlation of the CR angular power spectrum with 
the frequency spectrum of galactic magnetic fields
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Energy Spectrum, Anisotropy & Mass Composition

16

The determination of the CR arrival direction does not 
depend on knowledge of the mass of the primary particle, 

however, the use of combined data on the energy 
spectrum and arrival direction distribution requires the 

knowledge of the primary mass distribution to discriminate 
between different origin and propagation models.

➡  study correlation between anisotropy & spectral anomalies vs primary mass

The measurement of CR energy spectrum, mass composition and anisotropy 
inevitably probes the properties and spatial distribution of their sources as 
well as of the long propagation journey through the magnetized medium.

In fact, propagation of CRs in the galactic medium is 
known to affect their spectrum and direction distribution.

➡ New generation EAS-array !



G. Di Sciascio, RICAP 2014, 02 October 2014

Approaching the knee

17

How well do we know the structure of the primary 
spectrum around the knee (1014 – 1016 eV) ?

The standard model:

!
• Knee attributed to light (proton, helium) component 

!

• Rigidity-dependent structure (Peters cycle): cut-offs at 
energies proportional to the nuclear charge EZ = Z × 4.5 PeV

!

• The sum of the flux of all elements with their individual cut-
offs makes up the all-particle spectrum.

!

• Not only does the spectrum become steeper due to such a 
cutoff but also heavier.

The  “knee”  of  the  CR  spectrum

G. Di Sciascio Roma Tor Vergata 18/03/2010 9

Z = 1

Z = 2

Z = 3

FLUX

ENERGY

Emax ~ Z·1015 eV

Emax(iron) = 26 · Emax(proton)

But

?!

Experimental results still conflicting !

Figure 14: Top panel: Mean logarithmic mass of cosmic rays derived from the av-
erage depth of the shower maximum, see Fig. 13. The hadronic interaction model
QGSJET 01 is used to interpret the measurements. For comparison, results from
direct measurements are shown as well from the JACEE [328] and RUNJOB [284]
experiments. Bottom panel: Mean logarithmic mass of cosmic rays derived from the
measurements of electrons, muons, and hadrons at ground level. Results are shown
from CASA-MIA [374], Chacaltaya [375], EAS-TOP electrons and GeV muons [376],
EAS-TOP/MACRO (TeV muons) [377], HEGRA CRT [201], KASCADE electrons and
muons interpreted with two hadronic interaction models [286], hadrons and muons
[378], as well as an analysis combining di↵erent observables with a neural network
[297], and SPASE/AMANDA [379].

30
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Energy Calibration

18
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All particle spectra obtained shifting the energies by a factor smaller 
than what can be estimated as systematic error: i.e. 15-20%

Serap Tilav, ISVHECRI 2014

Difference between measurements can be mainly 
attributed to systematic effects in the energy calibration

Overposition with direct measurements crucial ➜ low energy threshold
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Energy calibration!

N ≈ 21 · (ETeV/Z)1.5

Calibration of the energy scale

19

• CREAM:       1.09 ⨉ 1.95 ⨉ 10-11 (E/400 TeV)-2.62 

• ARGO-YBJ: 1.95 ⨉ 10-11 (E/400 TeV)-2.61 

• Hybrid:          0.92 ⨉ 1.95 ⨉ 10-11 (E/400 TeV)-2.63

CREAM: 1.09x1.95x10-11(E/400TeV)-2.62 
 ARGO-YBJ:      1.95x10-11(E/400TeV )-2.61 
Hybrid:   0.92x1.95x10-11(E/400TeV)-2.63 

B. Bartoli et al, Chinese Physics C, Vol. 38, No. 4, 045001 (2014) 

Single power-law: 2.62 ± 0.01

Flux at 400 TeV:  

1.95 × 10-11± 9% (GeV-1 m-2 sr-1 s-1)

The 9% difference in flux corresponds to a difference 
of ± 4% in energy scale between different experiments.

Bartoli et al., Chin. Phys. C 38, 045001 (2014)

(p+He) spectrum (2 - 700) TeV

ARGO-YBJ: Moon shadow tool

The energy scale uncertainty is estimated at 
10% level in the energy range 1 – 30 (TeV/Z).

Low energy threshold important !
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Light component spectrum (3 TeV - 5 PeV) by ARGO-YBJ

20

Comparison with direct measurements and with Tibet ASgamma (SYBILL)
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The overall picture

21

➡  New generation EAS-array to trace the heavy component up to 1018 eV !
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Questions to the knee energy range

22

Cosmic Ray sources (‘PeVatrons’) Still open

Composition at the knee ? 
Rigidity – dependent knee ? Still open

Anisotropy ? Totally open

Hadronic interaction models ? Still uncertain
High resolution multi-component measurement !

End of Galactic spectrum ? 
Transition galactic - xgalactic ? Open

Energy spectrum and composition with high resolution !

Observation of gamma-ray sky above 100 TeV !

Observation of proton (ARGO-YBJ ?) and iron knees !

Spectroscopy of the anisotropy regions !
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Questions to the knee energy range

22

Cosmic Ray sources (‘PeVatrons’) Still open

Composition at the knee ? 
Rigidity – dependent knee ? Still open

Anisotropy ? Totally open

Hadronic interaction models ? Still uncertain
High resolution multi-component measurement !

End of Galactic spectrum ? 
Transition galactic - xgalactic ? Open

Energy spectrum and composition with high resolution !

Observation of gamma-ray sky above 100 TeV !

Observation of proton (ARGO-YBJ ?) and iron knees !

Spectroscopy of the anisotropy regions !New generation EAS array working 
in the 1011 - 1018 eV energy region !
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Tibet ASγ upgrades

23

AS array at high altitude (4300m a.s.l.) in operation since 1990

!
Tibet-III array:37000 m2 with 789 scint. 

YAC  array:  500 m2 with 124 scint. 

MD array: 5000 m2  with 5 pools of water Cherenkov.

!
Goal: energy spectrum & composition in the knee energy region 
through the mesurement of the high energy air shower cores. 

Pb 
Iron 

Scint. 
Box 

7 r.l. 

Observation of shower electron size under 
lead plate (burst size Nb) induced by high 

energy e.m. particles in shower core region.

Yangbajing Air shower Core array

MD 

AS 

YAC2!

50 TeV – 1016 eV 
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YAC: Yangbajing Air shower Core array

24

YAC1 

Total :  16 YAC detectors 
Effective  area:  10 m2 

YAC1: a prototype taking data from 2009

YAC-II 

Total : 124 YAC detectors 
Cover area: ~ 500 m2 

��cm 
��cm 

Pb

YAC1: array taking data from 2012

YAC1: first results - ISVHECRI 2012

-2.06

-3.04

400 TeV
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26.05.2014 martin.tluczykont@physik.uni-hamburg.de

The HiSCORE concept
   Picture: Serge Brunier

Air
shower

HiSCORE project

25

Concept: non-imaging air Cherenkov technique

Large area: array up to few 100 km2 
Large Field of view: ~ 0.6 sr 
Sky-coverage: > π sr @ 200 h / year

Hundred*i Square-km Cosmic ORigin Explorer

Prototype-array at Tunka-133:  

• 9 stations, 300 m ⨉ 300 m since October 2013


• 150 m inter-station distance 

26.05.2014 martin.tluczykont@physik.uni-hamburg.de

Status

Prototype-array:

● 9 stations, 300m X 300m
● 150m inter-station distance
● 4 channels (PMT+Cone)
● 2 parallel DAQ systems
● Gamma-ray energy
 threshold: <100TeV

Future improvements:

● Graded array and clipping
● + 25 stations
● + IACTs

Optical Station

M. Tluczykont et al.: arXiv1403.5688

Opening up the Pevatron range: gamma-ray and 
cosmic-ray astrophysics beyond 10 TeV
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HiSCORE Physics Potential

26

 

MGRO J1908+06

10 km²
No µ det.

1 year (200h)

Assuming pevatron with cutoff at 3PeV

MGRO J1908+06

26.05.2014 martin.tluczykont@physik.uni-hamburg.de

Physics Potential

→ Tluczykont et al. (2014) 2014APh....56...42T

26.05.2014 martin.tluczykont@physik.uni-hamburg.de

Physics Potential

→ Tluczykont et al. (2014) 2014APh....56...42T

Opening the PeVatron range
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What is LHAASO ?

27

The Large High Altitude Air Shower Observatory (LHAASO) project is a new generation 
all-sky instrument to investigate the 'cosmic ray connection' through a combined study of 

cosmic rays and gamma-rays in the wide energy range 1011 -- 1017 eV.

The first phase of LHAASO will consist of the following major components:

!
• 1 km2 array (LHAASO-KM2A), including 5635 scintillator detectors, with 15 m spacing, for 

electromagnetic particle detection.

!

• An overlapping 1 km2 array of 1221, 36 m2 underground water Cherenkov tanks, with 30 
m spacing, for muon detection (total sensitive area 40,000 m2).

!

• A close-packed, surface water Cherenkov detector facility with a total area of 90,000 m2 
(LHAASO-WCDA), four times that of HAWC.

!

• 24 wide field-of-view air Cherenkov (and fluorescence) telescopes (LHAASO-WFCTA).

!

• 452 close-packed burst detectors, located near the centre of the array, for detection of 
high energy secondary particles in the shower core region (LHAASO-SCDA).
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LHAASO main components

28

1 KM2A:

5635 EDs

1221 MDs

WCDA: 

3600 cells

90,000 m2

SCDA:

452 detectors

WFCTA:

24 telescopes

1024 pixels each
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Water Cherenkov Detector Array

29

Item Value 
Cell area 25 m2 

Effective water depth 4 m 
Water transparency > 15 m (400 nm) 
Precision of time measurement 0.5 ns 
Dynamic range 1-4000 PEs 
Time resolution <2 ns 
Charge resolution 40% @ 1 PE 

5% @ 4000 PEs 
Accuracy of charge calibration <2% 
Accuracy of time calibration <0.2 ns 
Total area 90,000 m2 

Total cells 3600 
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Electromagnetic particle Detector
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1�
2�

3�
4�

Item Value 
Effective area 1 m2 

Thickness of tiles 2 cm 
Number of WLS fibers 8/tile×16 tile 
Detection efficiency (> 5 MeV) >95% 
Dynamic range 1-10,000 particles 
Time resolution <2 ns 
Particle counting resolution 25% @ 1 particle 

5% @ 10,000 particles 
Aging >10 years 
Spacing 15 m 
Total number of detectors 5635 

15 m 

15 m
 15

 m
 

15 m 

15 m
 15

 m
 

15 m 

15 m
 15

 m
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Muon Detector

31

6.8 m 

2.
5 

m
 

1.
2 

m
 

PMT: 8” or 9” 

Item Value 
Area 36 m2 

Depth 1.2 m 
Molasses overburden 2.5 m 
Water transparency (att. len.) > 30 m (400 nm) 
Reflection coefficient >95% 
Time resolution <10 ns 
Particle counting resolution 25% @ 1 particle 

5% @ 10,000 particles 
Aging >10 years 
Spacing 30 m 
Total number of detectors 1221 

92 (see later): The ED array, with a sensitive area of about 5,341 m2,
93 consists of 5,341 square plastic scintilators with a size of
94 1 m ! 1 m ! 2 cm, placed on a triangle with side length of 15 m.
95 Each ED detector is covered by one 0.5 cm thick lead plate used
96 as c converter in order to improve the angular resolution and the
97 EAS core position resolution of the array. The MD array, with a sen-
98 sitive area of 43,956 m2, consists of 1,221 cylindrical water tanks
99 with diameter of 6.8 m and height of 1.2 m, placed on a triangle

100 with side length of 30 m. Each MD detector is covered by an over-
101 burden of 2.5 m soil, which results in muon energy threshold of
102 1.3 GeV, to mask electro-magnetic particles in showers. In this re-
103 port, results are presented from a simulation and performance
104 study of the KM2A detectors.

105 2. Simulation method

106 2.1. Simulation setup

107 In this simulation, cosmic rays, including cosmic gamma rays
108 and cosmic nuclei, are generated by Corsika [16] version 6.616.
109 The selected hadronic interaction model is QGSJETII for high en-
110 ergy and GHEISHA for low energy. Primaries are simulated in the
111 energy range from 3 TeV to 10 PeV. The zenith angle range is from
112 0 to 45", the azimuthal angle range is from 0" to 360", and the
113 observation level is 4300 m a.s.l.
114 For detector response, the detector unit of the KM2A array is
115 simulated individually at first. The ED and MD detector unit are
116 simulated with GEANT4 [17], and a look-up table is made to
117 parameterize the number of generated particles corresponding to
118 different injected particles, energy, direction and distance to the
119 center of the detector unit. The signal pulse is parameterized
120 according to the real one at the KM2A engineering array. One
121 charged particle generates 20 photo-electrons (p.e.s) in the ED in
122 average and a fluctuation of Landau distribution for signals is
123 added. The threshold of the ED is set 7 p.e.s. When one ED receives
124 one pulse above the threshold, the ED hit is given. The MD is sim-
125 ulated in the same way as the ED. The event trigger requires at
126 least 20 ED hits in the trigger time window of 600 ns, i.e.
127 Ntrig P 20, where Ntrig is number of the triggered ED detectors.
128 The event readout time window is set as 10 ls. Noise from single
129 cosmic secondaries in the EDs and MDs is set as 1 kHz/m2 and
130 300 Hz/m2 respectively according to experience at ARGO-YBJ, and
131 a fluctuation of exponential distribution for noise is added.

1322.2. Event reconstruction

133After showers are generated, the procedure of data analysis is as
134follows: Firstly, A shower front with a conical shape is recon-
135structed from positions and arrival times in the fired EDs and fitted
136with the least square method to obtain EAS direction. Secondly,
137EAS core position, size and age can be reconstructed from electrons
138in the EDs by fitting the lateral distribution with the NKG formula
139[18,19] in the maximum likelihood method. The NKG formula is:
140

q ¼ N
2pr2

0

Cð4:5% sÞ
CðsÞCð4:5% 2sÞ

r
r0

! "ðs%2Þ

1þ r
r0

! "ðs%4:5Þ

; ð1Þ
142142

143where q is density of particles per m2, r(m) is distance from the
144shower core, N is the shower size, r0(m) is the Moliere unit, s is
145the shower age, and C is gamma function. Position of weight center
146of electron hits is used as initial value of the core position. Both
147direction and lateral distribution reconstruction are iterated several
148times to obtain shower direction, core position, size and age finally.
149Primary energy of showers is determined by Ne, the total number of
150charged particles detected by the array. Energy resolution is defined
151as standard deviation of Gaussian distribution of ratio of difference
152between the estimated energy and the true energy to the true
153energy.
154During reconstruction, a time selection window of (500 ns
155around the trigger time is set for Ntrig < 150 in order to reduce
156noise from single cosmic secondaries in the EDs. For Ntrig > 150, a
157space selection window around the core of the shower is set in or-
158der to improve shower lateral distribution fitting. These selections
159are beneficial to obtain higher angular resolution and core position
160resolution. In order to reduce the influence of noise in the MDs, the
161number of muons in the MDs is selected in a time window (30 ns
162around the trigger time measured in the EDs. Events with a dis-
163tance of less than 560 m from reconstructed shower core position
164to the array center are selected to remove not well reconstructed
165events at the border of the array.

1662.3. Sensitivity estimation

167Measurement of both electrons and muons in EAS can provide a
168powerful capability for discrimination between original cosmic

Fig. 1. Configuration of LHAASO.

Fig. 2. The scatter plot of Nl vs Ne . Green and blue dots correspond to gamma ray-
induced and proton-induced air shower events, respectively. The solid black line
shows the optimized cut condition to suppress cosmic nuclei-induced events. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

2 S. CuiQ1 et al. / Astroparticle Physics xxx (2013) xxx–xxx

ASTPHY 1885 No. of Pages 7, Model 5G

18 November 2013

Please cite this article in press as: S. CuiQ1 et al., Simulation on gamma ray astronomy research with LHAASO-KM2A, Astropart. Phys. (2013), http://
dx.doi.org/10.1016/j.astropartphys.2013.11.003

proton

gamma

289100 m from the core are used to distinguish muons with electrons.
290Fig. 12 is photoelectrons distribution of muons and electrons
291which indicates good separation between muons and electrons.
292Then muons detected by the water detector are calculated from
293photoelectrons divided by 16, the peak value of the photoelectrons
294distribution of muons. Finally, by using muons detected by WCDA,
295the sensitivity becomes 0.006 Crab at 50 TeV, better than one of
296only using KM2A with the standard configuration (Fig. 13).

2975. Expected observation results of TeV gamma ray sources

298For different sources, the KM2A array has different sensitivities.
299Fig. 14 gives expected spectrum of crab with different energy cut-
300off measured by the KM2A array, compared with results of the
301other experiments. It indicates that the KM2A array will provide
302high precision measurements of gamma ray above 10 TeV up to
3031 PeV. Fig. 15 shows the KM2A integral flux sensitivity to a crab-
304like gamma-ray source compared with other experiments or
305experimental proposals. The better discrimination power will be
306obtained at the above 30 TeV region. According to our simulation,
307with 5r significance in one calendar year, the LHAASO project will
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Fig. 9. Sensitivities of the KM2A array for different sizes of the ED detector unit.
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Fig. 10. Sensitivity of the guard ring configuration (red line) compared with the one
of the standard configuration. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 12. The photoelectrons distribution of muons (black line) and electrons (red
line) at distance of larger than 100 m from the shower core. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 13. Sensitivity of a combination the KM2A array with the WCDA array (red
line) compared with the one of the standard configuration. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Photoelectrons distribution at R > 100 m 
from the shower core position
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Wide field of view Cherenkov Telescope Array

32

‣ 5 m2 spherical mirror

‣ 16 ⨉ 16 PMT array

‣ pixel size 1º

‣ FOV: 14º ⨉ 14º


‣ Elevation angle: 60º

H&He Selection 
• Elongation of the shower image 
              L/W ~ 0.09(Rp/10m) 

2L 

2W 

� ARGO-YBJ:  
              lateral distribution 

▪ In the core region Æ mass sensitive 

� Cherenkov Telescope:  
          longitudinal  information  

▪ Hillas parameter Æ mass sensitive 
 
 

▪ Better energy resolution 

Hybrid Measurement proton 
iron 

� ARGO-YBJ:  
              lateral distribution 

▪ In the core region Æ mass sensitive 

� Cherenkov Telescope:  
          longitudinal  information  

▪ Hillas parameter Æ mass sensitive 
 
 

▪ Better energy resolution 

Hybrid Measurement proton 
iron 

24 telescopes (Cherenkov/Fluorescence)

PRELIMINARY !

ARGO-YBJ / WFCTA
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Shower Core Detector Array

33

Each  burst detector is constituted by 20 optically separated scintillator 
strips of 1.5 cm ⨉ 4 cm ⨉ 50 cm read out by two PMTs operated with 
different gains to achieve a wide dynamic range  (1- 10 6  MIPs). 

• 425 close-packed burst detectors, located near the 
centre of the array, for the detection of high energy 
secondary particles in the shower core region.

• 	
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  of	
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• 	
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  m2	
  

• 	
  	
  Energy	
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• 	
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  1.5	
  m	
  @50	
  TeV

The burst detectors observe the 
electron size (burst size) under the lead 

plate induced by high energy e.m. 
particle in the shower core region

Proton�
Iron�

Pb 

�Iron 

Scint. 

Box 

7 r.l. 

Burst Detector

3.5 cm

1 r.l.

• Lead	
  plate	
  (80	
  cm	
  X	
  50	
  cm	
  X	
  7	
  rl)	
  
• Iron	
  plate	
  (1	
  m	
  X	
  1	
  m	
  X	
  1	
  rl)	
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The LHAASO site

34

The experiment will be located at 4300 m asl (606 g/cm2) 
in the Daocheng site, Sichuan province, China.

Coordinates: 29º 21' 31'', 100º 08' 15'' 

场地中心： 
29度21分30.7秒， 
                    100度08分14.65秒 
公路入口： 
29度21分32.76秒， 
                     100度07分43.03秒 
场地西边界： 
29度21分30.61秒， 
                     100度07分50.61秒 
场地东边界： 
29度21分30.68秒， 
                     100度08分38.73秒 
场地北边界： 
29度21分51.78秒， 
                     100度08分14.50秒 
场地南边界： 
29度21分9.54秒， 
                     100度08分14.73秒 
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Status of LHAASO 

35

• LHAASO is one of the 'Five top priorities' projects of the Strategic Plan of IHEP 
approved by the Chinese Academy of Sciences (CAS).

!
• The National Reform and Development Commission (NRDC) and the Finance Ministry 

(FM) allocated for LHAASO 1 Billion CNY (about 160 M US$) ➜ “Flagship Project”. 
!

• The government of Sichuan province will cover the total cost of the infrastructure 
construction: 300 M CNY.

★ May, 2015: approval of the environment impact evaluation.

★ Oct, 2015: start of construction of first quarter of WCDA, KM2A. 

★ Aug, 2016: installation of PMTs of WCDA.

!

★ Spring, 2017: start scientific operation of the first quarter of LHAASO.

!

★ 2019: conclusion of installations.

Tentative Schedule (Sept. 2014)
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Why LHAASO ?

36

The LHAASO experiment will be the next generation ground-based experiment, capable 
of acting simultaneously as a Gamma Ray Telescope and a Cosmic Ray Detector.

✤  Gamma-Ray Astronomy (102 → 106 GeV): full sky continuous monitoring

• Below 20 TeV: continuous monitoring of the Northern sky at < 0.01 of the Crab flux 
→ Sky survey: complementarity with CTA (Cherenkov Telescope Array) 

• Above 20 TeV: continuous monitoring of the Northern sky up to PeV with a sensitivity 2000x CTA 
for sky survey > 70 TeV→ search for PeV cosmic ray sources (Pevatrons)

Fermi
GeV

CTA
30 GeV 100 TeV

LHAASO
PeV

✤  Cosmic Ray Physics (1012 → 1017 eV): precluded to Cherenkov Telescopes

• CR energy spectrum 

• Elemental composition

• Anisotropy

AMS
TeV

AUGERLHAASO

1017 - 1018 eV

20 TeV
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LHAASO integral sensitivity for Crab-like sources

37

WCDA

1 KM2A (EDs + MDs)

proton

gamma

 [ TeV ]medianE = E
0.2 0.3 1 2 3 4 5 6 7 10 20 30 40 100

 [ 
de

gr
ee

 ]
_

6

0.2

0.4

0.6

0.8

1

1.2

1.4

WCDA angular resolution

92 (see later): The ED array, with a sensitive area of about 5,341 m2,
93 consists of 5,341 square plastic scintilators with a size of
94 1 m ! 1 m ! 2 cm, placed on a triangle with side length of 15 m.
95 Each ED detector is covered by one 0.5 cm thick lead plate used
96 as c converter in order to improve the angular resolution and the
97 EAS core position resolution of the array. The MD array, with a sen-
98 sitive area of 43,956 m2, consists of 1,221 cylindrical water tanks
99 with diameter of 6.8 m and height of 1.2 m, placed on a triangle

100 with side length of 30 m. Each MD detector is covered by an over-
101 burden of 2.5 m soil, which results in muon energy threshold of
102 1.3 GeV, to mask electro-magnetic particles in showers. In this re-
103 port, results are presented from a simulation and performance
104 study of the KM2A detectors.

105 2. Simulation method

106 2.1. Simulation setup

107 In this simulation, cosmic rays, including cosmic gamma rays
108 and cosmic nuclei, are generated by Corsika [16] version 6.616.
109 The selected hadronic interaction model is QGSJETII for high en-
110 ergy and GHEISHA for low energy. Primaries are simulated in the
111 energy range from 3 TeV to 10 PeV. The zenith angle range is from
112 0 to 45", the azimuthal angle range is from 0" to 360", and the
113 observation level is 4300 m a.s.l.
114 For detector response, the detector unit of the KM2A array is
115 simulated individually at first. The ED and MD detector unit are
116 simulated with GEANT4 [17], and a look-up table is made to
117 parameterize the number of generated particles corresponding to
118 different injected particles, energy, direction and distance to the
119 center of the detector unit. The signal pulse is parameterized
120 according to the real one at the KM2A engineering array. One
121 charged particle generates 20 photo-electrons (p.e.s) in the ED in
122 average and a fluctuation of Landau distribution for signals is
123 added. The threshold of the ED is set 7 p.e.s. When one ED receives
124 one pulse above the threshold, the ED hit is given. The MD is sim-
125 ulated in the same way as the ED. The event trigger requires at
126 least 20 ED hits in the trigger time window of 600 ns, i.e.
127 Ntrig P 20, where Ntrig is number of the triggered ED detectors.
128 The event readout time window is set as 10 ls. Noise from single
129 cosmic secondaries in the EDs and MDs is set as 1 kHz/m2 and
130 300 Hz/m2 respectively according to experience at ARGO-YBJ, and
131 a fluctuation of exponential distribution for noise is added.

1322.2. Event reconstruction

133After showers are generated, the procedure of data analysis is as
134follows: Firstly, A shower front with a conical shape is recon-
135structed from positions and arrival times in the fired EDs and fitted
136with the least square method to obtain EAS direction. Secondly,
137EAS core position, size and age can be reconstructed from electrons
138in the EDs by fitting the lateral distribution with the NKG formula
139[18,19] in the maximum likelihood method. The NKG formula is:
140

q ¼ N
2pr2

0

Cð4:5% sÞ
CðsÞCð4:5% 2sÞ

r
r0

! "ðs%2Þ

1þ r
r0

! "ðs%4:5Þ

; ð1Þ
142142

143where q is density of particles per m2, r(m) is distance from the
144shower core, N is the shower size, r0(m) is the Moliere unit, s is
145the shower age, and C is gamma function. Position of weight center
146of electron hits is used as initial value of the core position. Both
147direction and lateral distribution reconstruction are iterated several
148times to obtain shower direction, core position, size and age finally.
149Primary energy of showers is determined by Ne, the total number of
150charged particles detected by the array. Energy resolution is defined
151as standard deviation of Gaussian distribution of ratio of difference
152between the estimated energy and the true energy to the true
153energy.
154During reconstruction, a time selection window of (500 ns
155around the trigger time is set for Ntrig < 150 in order to reduce
156noise from single cosmic secondaries in the EDs. For Ntrig > 150, a
157space selection window around the core of the shower is set in or-
158der to improve shower lateral distribution fitting. These selections
159are beneficial to obtain higher angular resolution and core position
160resolution. In order to reduce the influence of noise in the MDs, the
161number of muons in the MDs is selected in a time window (30 ns
162around the trigger time measured in the EDs. Events with a dis-
163tance of less than 560 m from reconstructed shower core position
164to the array center are selected to remove not well reconstructed
165events at the border of the array.

1662.3. Sensitivity estimation

167Measurement of both electrons and muons in EAS can provide a
168powerful capability for discrimination between original cosmic

Fig. 1. Configuration of LHAASO.

Fig. 2. The scatter plot of Nl vs Ne . Green and blue dots correspond to gamma ray-
induced and proton-induced air shower events, respectively. The solid black line
shows the optimized cut condition to suppress cosmic nuclei-induced events. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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LHAASO Physics Potential

38

From TeVCat: 
!
71 sources culminating at zenith angle  < 40°

!
LHAASO latitude = 30° N         
-10° < decl < 70°  
!
•  40 extragalactic  
!

•  31 galactic  
13  Unidentified 
9    Pulsar Wind Nebulae 
6    Shell Supernova Remnant 
2    Binary System 
1    Massive Star Cluster

70% of Galactic sources are extended
Probably the fluxes are higher then what measured by IACT

Crab

0.1 × Crab

0.01 × Crab

average index = 2.42

The real sensitivity depends on spectral slope, 
culmination angle and angular extension of the source

Extrapola)on	
  of	
  TeV	
  spectra	
  assuming	
  no	
  cutoff
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6 Shell SuperNova Remnants

39

Source' Zenith'
angle'
culm.'

F'>'1'
TeV'
(c.u.)'

Energy'
range'

Spectral'
index'

Angular'
Extension'(σ)'

Thyco' 34°' 0.009' 1E10' 1.95'

G106.3+2.7' 31°' 0.03' 1E20' 2.29' 0.3°'x'0.2°'

Cas'A' 29°' 0.05' 0.5E10' 2.3'

W51' 16°' 0.03' 0.1E5' 2.58' 0.12°''

IC443' 7.5°' 0.03' 0.1E2' 3.0' 0.16°'

W49B' 21°' 0.005' 0.3E10' 3.1'

TYCHO&&&(34°)&
CAS&A&&&(29°)&
&G106.3+2.7 (31°)&
 

IC443 
(7.5°)&
 

W51&&
(16°)&W49B&

(21°)&
&

CRAB 

No cutoff observed in the 6 TeV spectra

TYCHO 

E-1.95 

IC#443#

E-3.0 

CAS  A 

E-2.3 
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LHAASO sensitivity to gamma point sources
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EAS-array: 5 s.d. in 1 year

Cherenkov: 5 s.d. in 50 h on source

Energy (TeV)
-210 -110 1 10 210 310 410

)-1
 s

-2
E*

F(
>E

) f
lu

x 
(T

eV
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m

-1510

-1410

-1310

-1210

-1110

-1010

-910 ARGO (1 year)
ARGO all data
HESS/VERITAS (50 hours)
MAGIC II (50 hours)
CTA (50 hours)
HAWC (1 year)
HiSCORE (1000 hours)
LHAASO (1 year)

CRAB extrapolation

0.1 CRAB

0.01 CRABLHAAS

CTA 

★ 1 year for EAS arrays means:


(5 h ⨉ 365 d) ~1500 - 2200 of 
observation hours for each source 
(about 4-6 hours per day).


!
★ For Cherenkov: 


(5 h ⨉ 365 d) ⨉ d.c. (≈ 15%) ≈ 270 h / y 
for each source.

The big advantage of LHAASO is in sky survey !
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Opening the PeVatron range

41
26.05.2014 martin.tluczykont@physik.uni-hamburg.de

Opening up the Pevatron range

100 km² / 1000h

LHAASO

CTA

M. Tluczykont et al., arXiv1403.5688 

wide-angle γ-ray detectors

Lhaaso has no competitors for sky survey: in one year it can 
survey the Northen sky at 100 TeV at a level < 0.01 Crab !
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The strong case for all sky survey instruments

42

The all-sky survey provides un unbiased map of the sky useful to

• enable the detection of unexpected sources

• provides testing ground for new theoretical ideas

• provides targets for in-depth observations

A full exploration of the Galactic Plane requires 
both Northern and Southern detectors !

20◦ < l < 90◦, |b| < 10◦

E50 ≈ 0.7 TeVARGO-YBJ

The Astrophysical Journal, 779:27 (10pp), 2013 December 10 Bartoli et al.

Figure 3. Significance map of the sky as seen by ARGO-YBJ in VHE band. The significances of the excesses, in terms of standard deviations, are shown by the color
scale on the right side. The two dotted lines indicate the Galactic latitudes b = ±5◦.
(A color version of this figure is available in the online journal.)
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Figure 4. Significance map of the Galactic Plane region with | b |< 10◦ and 20◦ < l < 90◦ obtained by the ARGO-YBJ detector. The circles indicate the positions of
all the known VHE sources. The open stars mark the locations of the GeV sources in the second Fermi-LAT catalog (Nolan et al. 2012). The open crosses mark the
locations of the sources considered to be potentially confused with Galactic diffuse emission in the second Fermi-LAT catalog (Nolan et al. 2012). The top panel was
obtained using ARGO-YBJ events with Npad ! 20 (corresponding to a median energy ∼0.7 TeV) while the bottom panel was obtained using events with Npad ! 100
(corresponding to a median energy ∼1.8 TeV). The four excess regions are ARGO J1839−0627, ARGO J1907+0627, ARGO J1912+1026, and ARGO J2031+4157.
(A color version of this figure is available in the online journal.)

in the energy range from 0.1 TeV to 35 TeV is dN/dE =
(3.00 ± 0.18) × 10−11(E/1 TeV)−2.62±0.06 (TeV−1 cm−2 s−1).
Only statistical errors are listed here. The integral flux of
this spectrum is denoted as Icrab in the following text. The
integral flux above 1 TeV is 1.85 × 10−11 cm−2 s−1. It is
5.69 × 10−11 cm−2 s−1 above 500 GeV. This SED is consistent,

within the errors, with the results obtained by other experiments,
e.g., HEGRA, H.E.S.S., MAGIC, and Tibet ASγ (Aharonian
et al. 2004, 2006; Albert et al. 2008b; Amenomori et al.
2009). A comparison among different experiments is shown in
Figure 5. The figure shows only statistical errors. The systematic
errors on the flux for point sources have been described in

5

Galactic Plane 20◦ < l < 230◦

ApJ 779 (2013) 27• study of flaring phenomena (GRBs, solar flares, AGNs)

!
• probe of diffuse emission on scales of several degrees

!
• study of localized CR anisotropies

!
• search for small and nearby high latitude molecular clouds

!
• constraints on Dark Matter at multi-TeV scale by ‘stacked 

analysis’

• search for new, unexpected classes of VHE sources (‘dark accelerator’) useful to constrain the density in the Galactic 
halo of cloudlets: cold and dense clumps of material that may constitute a sizeble fraction of baryonic matter mostly 
invisible but not for their gamma-ray emission for CR interaction

• blind search for annihilation in Dark Matter subhalos of 
the Galaxy, without any a priori association with an 
astrophysical object (dwarf galaxy, Galactic Center, etc)
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DM search with LHAASO, CTA and HAWC

43

Caveat:

!
• 30 dSphs (3x) (supposing the 

observation of new dSphs)

•  -10% from spatial extension 

(source extension increases the 
signal region at high energy)

• There are many assumptions in this prediction  
• Doesn’t deal with a possible detections

update of arXiv:1405.1730, arXiv:1208.5356

LHAASO advantage: combined 
analysis of different dwarf galaxies 

observed at the same time

PRELIMINARY !
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Conclusions

44

Open problems in galactic cosmic ray physics push the construction of new generation EAS 
arrays in the 1011 - 1018 eV energy range.

!
LHAASO is the most ambitious project with very interesting prospects, being able to deal with 
all the main open problems of cosmic ray physics at the same time.

!
It is proposed to study cosmic rays in a wide energy range, from those observable in space 
with AMS and approaching those investigated by AUGER, thus including, in addition to the 
'knee', the whole region between 'knee' and 'ankle' where the galactic/extra-galactic CR 
transition is expected.

!
At the same time it is proposed as a tool of great sensitivity - unprecedented above 20 TeV - to 
monitor 'all the sky all the time' a gamma-ray domain extremely rich of sources variable at all 
wavelengths.


!
Due to the modular structure of the experiment, first physics results are expected after only 2-3 
years from the start of installation. Final installation in 5-6 years.
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Pointed and Survey instruments

46
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Pointed and Survey instruments

46

EAS arrays are irreplaceable tools 
for all sky survey and to study the 

transient TeV sky !
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Why not a dipole ?

47

!
• Large scale anisotropy not a dipole, changes topology with energy and has 

complex structure.

!

• In the energy range 1 - 30 TeV, even if only a dipole + quadrupole distribution is assumed, at 
least 30% of the signal is due to the quadrupole (multipole of order 2).

!

• Reality goes much farther than the quadrupole: anisotropies down to ~10° (multipole of the 
order 18) were observed in the last five years in the energy range 1 - 30 TeV.

!

• Although statistically uncertain, above 300 TeV the R.A. projection does not reproduce a daily 
sine function, a localized deficit between 30° and 130° seems to be there.

The Astrophysical Journal, 746:33 (11pp), 2012 February 10 Abbasi et al.

Table 1
Harmonic Fit Values Per Declination Band for the Energy Band

Centered at 20 TeV

Decl. A1 ± (stat.) φ1 ± (stat.) A2 ± (stat.) φ2 ± (stat.)
Mean (10−4) (◦) (10−4) (◦)

−24 7.1 ± 1.0 37.3 ± 8.1 3.2 ± 1.0 303.5 ± 9.0
−27 8.4 ± 0.9 35.6 ± 6.0 2.1 ± 0.9 321.3 ± 11.8
−30 8.7 ± 0.7 45.4 ± 4.7 4.0 ± 0.7 306.6 ± 5.1
−33 8.6 ± 0.7 50.5 ± 4.3 3.6 ± 0.7 294.6 ± 5.0
−36 9.3 ± 0.5 51.2 ± 3.3 3.1 ± 0.5 299.1 ± 5.0
−39 8.3 ± 0.5 52.9 ± 3.4 2.1 ± 0.5 299.6 ± 6.6
−42 9.6 ± 0.4 51.1 ± 2.6 3.1 ± 0.4 301.8 ± 4.0
−45 9.3 ± 0.4 57.4 ± 2.8 3.0 ± 0.5 305.9 ± 4.2
−48 8.0 ± 0.4 56.7 ± 2.8 2.7 ± 0.4 304.3 ± 4.0
−51 7.9 ± 0.4 57.2 ± 2.8 2.5 ± 0.4 293.0 ± 4.3
−54 8.0 ± 0.4 55.9 ± 2.6 2.3 ± 0.4 297.9 ± 4.5
−57 7.9 ± 0.4 60.8 ± 2.7 1.8 ± 0.4 303.3 ± 5.6
−60 7.9 ± 0.4 52.7 ± 2.6 2.0 ± 0.4 300.4 ± 5.3
−63 7.7 ± 0.4 49.9 ± 3.3 1.8 ± 0.4 307.1 ± 6.7
−66 7.3 ± 0.4 51.0 ± 2.9 4.1 ± 0.4 293.2 ± 2.7
−69 5.7 ± 0.4 50.8 ± 4.2 4.9 ± 0.4 282.4 ± 2.4
−72 5.7 ± 0.4 38.8 ± 4.0 3.6 ± 0.4 301.7 ± 3.2

Note. First and second harmonic fit values per declination for the first energy
band.

Table 2
Harmonic Fit Values Per Declination Band for the Energy Band

Centered at 400 TeV

Decl. A1 ± (stat.) φ1 ± (stat.) A2 ± (stat.) φ2 ± (stat.)
Mean (10−4) (◦) (10−4) (◦)

−24 9.6 ± 3.1 248.1 ± 18.6 5.4 ± 3.1 143.6 ± 16.6
−27 1.1 ± 3.0 245.7 ± 15.8 6.5 ± 3.0 158.1 ± 13.2
−30 5.1 ± 2.6 238.9 ± 29.6 3.0 ± 2.6 146.9 ± 25.2
−33 3.9 ± 2.7 255.9 ± 37.8 2.0 ± 2.6 205.3 ± 37.6
−36 9.6 ± 2.4 217.0 ± 14.2 6.2 ± 2.4 171.5 ± 10.9
−39 9.5 ± 2.4 246.9 ± 14.3 6.5 ± 2.4 144.2 ± 10.5
−39 9.5 ± 2.4 246.9 ± 14.3 6.5 ± 2.4 234.2 ± 10.5
−42 4.2 ± 2.2 246.2 ± 30.1 2.5 ± 2.2 231.3 ± 25.4
−45 1.2 ± 2.5 311.4 ± 115.6 2.8 ± 2.5 110.4 ± 25.1
−48 1.4 ± 2.3 181.0 ± 95.6 3.6 ± 2.3 154.2 ± 18.2
−51 3.7 ± 2.4 236.7 ± 38.2 2.0 ± 2.4 156.8 ± 35.6
−54 5.5 ± 2.4 220.8 ± 25.8 1.5 ± 2.5 142.5 ± 46.8
−57 1.4 ± 2.6 228.8 ± 112.1 3.7 ± 2.6 165.0 ± 21.9
−60 3.9 ± 2.6 359.8 ± 38.5 7.4 ± 2.6 161.0 ± 10.2
−63 2.6 ± 3.4 13.0 ± 72.8 3.2 ± 3.3 148.6 ± 29.6
−66 1.3 ± 2.9 143.4 ± 127.8 5.3 ± 3.0 107.5 ± 15.9
−69 1.0 ± 3.4 304.5 ± 188.2 4.2 ± 3.4 227.9 ± 23.2
−72 6.8 ± 3.4 174.8 ± 28.4 6.7 ± 3.4 152.5 ± 14.5

Note. First and second harmonic fit values per declination for the second energy
band.

by accumulating the relative intensity distribution from the
declination belts. The error bars were obtained by propagating
the statistical errors from each declination belt. Figure 6 shows
the projections in right ascension of the cosmic-ray relative
intensity in sidereal reference frame, for the low- and high-
energy samples, respectively. The lines in the figures represent
the fit to the first and second harmonic terms of Equation (2), and
the fit results are shown in Table 3 together with the χ2/ndof
values for the first and second harmonic fits, in addition to the
number of events used in the right ascension projections. While
the χ2/ndof indicates that the fits do not completely describe
the data, we found that even fitting up to the sixth harmonic does

(a)

(b)

Figure 6. Panel (a) shows the one-dimensional projection in right ascension
α of the first energy band (20 TeV) of two-dimensional cosmic-ray map in
Figure 5(a). Panel (b) shows the one-dimensional projection in right ascension
α of the second energy band (400 TeV) of two-dimensional cosmic-ray map in
Figure 5(b). The data are shown with statistical uncertainties, and the black line
corresponds to the first and second harmonic fit to the data.

not completely fit all of the structures, so we use here only the
first and second harmonics as a general characterization of the
anisotropy.

3.1.1. Significance

Figure 7(a) shows the significance map for the 20 TeV energy,
while Figure 7(b) shows the significance map for the 400 TeV
energy. The significance sky maps are calculated using the
direct integration method with a time window of 24 hr and
an optimized smoothing as described in Abbasi et al. (2011b).
The smoothing is then applied to the significance sky maps to
improve the sensitivity to large features. The smoothing search
applied in this analysis is from 1 to 30 deg. After smoothing is
optimized, the significance is then calculated using the method
of Li & Ma (1983).

The maximum significant features in the 20 TeV map with
a 30 deg smoothing are found with an excess at (α = 80.◦8,
δ = −49.◦7) with a significance value of 40σ , and a deficit
at (α = 219.◦7, δ = −52.◦0) with a significance value of
−53.5σ . Moreover, for the 400 TeV map, two regions were
identified to be significant. The first region is an excess at
(α = 256.◦6, δ = −25.◦9) with a significance of 5.3σ and
an optimized smoothing of 29 deg, and the second region
is a deficit at (α = 73.◦1, δ = −25.◦3) with a significance
of −8.6σ and an optimized smoothing of 21 deg. Note that
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Abbasi et al, ApJ, 746 (2012) 33

The Astrophysical Journal, 746:33 (11pp), 2012 February 10 Abbasi et al.

Table 1
Harmonic Fit Values Per Declination Band for the Energy Band

Centered at 20 TeV

Decl. A1 ± (stat.) φ1 ± (stat.) A2 ± (stat.) φ2 ± (stat.)
Mean (10−4) (◦) (10−4) (◦)

−24 7.1 ± 1.0 37.3 ± 8.1 3.2 ± 1.0 303.5 ± 9.0
−27 8.4 ± 0.9 35.6 ± 6.0 2.1 ± 0.9 321.3 ± 11.8
−30 8.7 ± 0.7 45.4 ± 4.7 4.0 ± 0.7 306.6 ± 5.1
−33 8.6 ± 0.7 50.5 ± 4.3 3.6 ± 0.7 294.6 ± 5.0
−36 9.3 ± 0.5 51.2 ± 3.3 3.1 ± 0.5 299.1 ± 5.0
−39 8.3 ± 0.5 52.9 ± 3.4 2.1 ± 0.5 299.6 ± 6.6
−42 9.6 ± 0.4 51.1 ± 2.6 3.1 ± 0.4 301.8 ± 4.0
−45 9.3 ± 0.4 57.4 ± 2.8 3.0 ± 0.5 305.9 ± 4.2
−48 8.0 ± 0.4 56.7 ± 2.8 2.7 ± 0.4 304.3 ± 4.0
−51 7.9 ± 0.4 57.2 ± 2.8 2.5 ± 0.4 293.0 ± 4.3
−54 8.0 ± 0.4 55.9 ± 2.6 2.3 ± 0.4 297.9 ± 4.5
−57 7.9 ± 0.4 60.8 ± 2.7 1.8 ± 0.4 303.3 ± 5.6
−60 7.9 ± 0.4 52.7 ± 2.6 2.0 ± 0.4 300.4 ± 5.3
−63 7.7 ± 0.4 49.9 ± 3.3 1.8 ± 0.4 307.1 ± 6.7
−66 7.3 ± 0.4 51.0 ± 2.9 4.1 ± 0.4 293.2 ± 2.7
−69 5.7 ± 0.4 50.8 ± 4.2 4.9 ± 0.4 282.4 ± 2.4
−72 5.7 ± 0.4 38.8 ± 4.0 3.6 ± 0.4 301.7 ± 3.2

Note. First and second harmonic fit values per declination for the first energy
band.

Table 2
Harmonic Fit Values Per Declination Band for the Energy Band

Centered at 400 TeV

Decl. A1 ± (stat.) φ1 ± (stat.) A2 ± (stat.) φ2 ± (stat.)
Mean (10−4) (◦) (10−4) (◦)

−24 9.6 ± 3.1 248.1 ± 18.6 5.4 ± 3.1 143.6 ± 16.6
−27 1.1 ± 3.0 245.7 ± 15.8 6.5 ± 3.0 158.1 ± 13.2
−30 5.1 ± 2.6 238.9 ± 29.6 3.0 ± 2.6 146.9 ± 25.2
−33 3.9 ± 2.7 255.9 ± 37.8 2.0 ± 2.6 205.3 ± 37.6
−36 9.6 ± 2.4 217.0 ± 14.2 6.2 ± 2.4 171.5 ± 10.9
−39 9.5 ± 2.4 246.9 ± 14.3 6.5 ± 2.4 144.2 ± 10.5
−39 9.5 ± 2.4 246.9 ± 14.3 6.5 ± 2.4 234.2 ± 10.5
−42 4.2 ± 2.2 246.2 ± 30.1 2.5 ± 2.2 231.3 ± 25.4
−45 1.2 ± 2.5 311.4 ± 115.6 2.8 ± 2.5 110.4 ± 25.1
−48 1.4 ± 2.3 181.0 ± 95.6 3.6 ± 2.3 154.2 ± 18.2
−51 3.7 ± 2.4 236.7 ± 38.2 2.0 ± 2.4 156.8 ± 35.6
−54 5.5 ± 2.4 220.8 ± 25.8 1.5 ± 2.5 142.5 ± 46.8
−57 1.4 ± 2.6 228.8 ± 112.1 3.7 ± 2.6 165.0 ± 21.9
−60 3.9 ± 2.6 359.8 ± 38.5 7.4 ± 2.6 161.0 ± 10.2
−63 2.6 ± 3.4 13.0 ± 72.8 3.2 ± 3.3 148.6 ± 29.6
−66 1.3 ± 2.9 143.4 ± 127.8 5.3 ± 3.0 107.5 ± 15.9
−69 1.0 ± 3.4 304.5 ± 188.2 4.2 ± 3.4 227.9 ± 23.2
−72 6.8 ± 3.4 174.8 ± 28.4 6.7 ± 3.4 152.5 ± 14.5

Note. First and second harmonic fit values per declination for the second energy
band.

by accumulating the relative intensity distribution from the
declination belts. The error bars were obtained by propagating
the statistical errors from each declination belt. Figure 6 shows
the projections in right ascension of the cosmic-ray relative
intensity in sidereal reference frame, for the low- and high-
energy samples, respectively. The lines in the figures represent
the fit to the first and second harmonic terms of Equation (2), and
the fit results are shown in Table 3 together with the χ2/ndof
values for the first and second harmonic fits, in addition to the
number of events used in the right ascension projections. While
the χ2/ndof indicates that the fits do not completely describe
the data, we found that even fitting up to the sixth harmonic does

(a)

(b)

Figure 6. Panel (a) shows the one-dimensional projection in right ascension
α of the first energy band (20 TeV) of two-dimensional cosmic-ray map in
Figure 5(a). Panel (b) shows the one-dimensional projection in right ascension
α of the second energy band (400 TeV) of two-dimensional cosmic-ray map in
Figure 5(b). The data are shown with statistical uncertainties, and the black line
corresponds to the first and second harmonic fit to the data.

not completely fit all of the structures, so we use here only the
first and second harmonics as a general characterization of the
anisotropy.

3.1.1. Significance

Figure 7(a) shows the significance map for the 20 TeV energy,
while Figure 7(b) shows the significance map for the 400 TeV
energy. The significance sky maps are calculated using the
direct integration method with a time window of 24 hr and
an optimized smoothing as described in Abbasi et al. (2011b).
The smoothing is then applied to the significance sky maps to
improve the sensitivity to large features. The smoothing search
applied in this analysis is from 1 to 30 deg. After smoothing is
optimized, the significance is then calculated using the method
of Li & Ma (1983).

The maximum significant features in the 20 TeV map with
a 30 deg smoothing are found with an excess at (α = 80.◦8,
δ = −49.◦7) with a significance value of 40σ , and a deficit
at (α = 219.◦7, δ = −52.◦0) with a significance value of
−53.5σ . Moreover, for the 400 TeV map, two regions were
identified to be significant. The first region is an excess at
(α = 256.◦6, δ = −25.◦9) with a significance of 5.3σ and
an optimized smoothing of 29 deg, and the second region
is a deficit at (α = 73.◦1, δ = −25.◦3) with a significance
of −8.6σ and an optimized smoothing of 21 deg. Note that
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LSA is NOT a dipole
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Comparison between different energies

18

5 TeV

20 TeV

• The anisotropy changes position

• Similar peak-to-peak strength

• Smaller characteristic size at high 
energies

400 TeV

2 PeV

Aarsten et al., 2013 ApJ 765 55
arxiv/1210.5278IceTop

Aarsten et al., ApJ 765, 55 (2013)

IceCube + IceTop

Sveshnikova+, 2013dipole amplitude

not dipole observations

dipole components 
of the anisotropy

100 TeV

Not dipole means that “amplitude” 
and “phase” are not well defined

dipole limits
ICRC 2013

– 12 –

Fig. 1.— Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves
indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV is defined as the
region above the dashed curve at Dec. = −10◦. (a) The points show the directions of the

UHECRs E > 57 EeV observed by the TA SD array, and the closed and open stars indicate
the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color

contours show the number of observed cosmic ray events summed over a 20◦-radius circle;
(c) number of background events from the geometrical exposure summed over a 20◦-radius

circle (the same color scale as (b) is used for comparison); (d) significance map calculated
from (b) and (c) using Equation 1.
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Dwarf Spheroidal galaxies (dSph)
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Low luminosity galaxies that are companions to the Milky Way.

The total amount of mass inferred from the motions of stars in dSph is many times that which can be 
accounted for by the mass of the stars themselves   ➡  this is seen as a sure sign of dark matter

Because of the extremely large amounts of dark matter in these objects, they may deserve the title 
"most dark matter-dominated galaxies"


